An account is given of some principal observations made from a series of experiments in which metal cylindrical shells were subjected to lateral explosion impact by different TNT charge mass and stand-off distance. These cylindrical shells were filled with water in order to identify the main effects produced by the fluid-structure interaction. In comparison, the explosion impact experiments of the empty cylindrical shells were also carried out. The effects of TNT charge mass, stand-off distance, cylindrical shell wall thickness and filled fluid (water) on perforation and deformation of metal cylindrical shells were discussed, which indicated that water increased the wall strength of the cylindrical shells under explosion impact loading, and the buckling deformation and perforation of the cylindrical shell was significantly influenced by the presence of the water; blast-resistant property of the tube under explosive impact loading of 200g TNT charge was much excellent; deformation and damage of empty cylindrical shell were more sensitive to stand-off distance changed. ALE finite element method was employed to simulate the deformations and damages of empty and water-filled cylindrical shells under explosion impact loading. The experimental and computational results are in agreement, showing the validity of the computational scheme in complex fluid-structure interaction problems involving metal materials subjected to explosion impact. The results show that internal pressure of water will increase when subjecting to impact loading, the anti-blast ability of tube structure is significantly enhanced.
INTRODUCTION
Pipeline systems are extensively used in industries such as nuclear, gas and petroleum to transport the flammable or non-flammable liquid or gas. It may be a case that a catastrophic event would occur when these pipelines are subjected to explosion impact loading and damage. Thus, it is necessary to investigate the dynamic response and damage of the thin-walled cylindrical shell, as well as to draw up modified design criteria for such structures. Many studies concerning the deformation, cracking and perforation of thin-walled tubes subjected to lateral impact have been conducted, like W.J.Schuman Jr (1963 Jr ( , 1965 , Gefken, P.R et al. (1988) , Olson, M.D (1991,1993) , Li, Q.M. and Jones, N. (1995) , Chung Kim Yuen et al. (2013) .
For the pipelines to transport the gas or oil the filled-medium structure interaction are often an important loading, and there have been rather fewer number of studies where deformations and damages of filled-medium cylindrical shell subjected to lateral explosion impact loading have been sought. In fact when the fluid is present, the bulk compression of the fluid and its inertia will produce a back-pressure on the inner walls of pipes. This back-pressure prevents the pipe walls from deforming freely in the work of G.Y. Lu et al. (2007) . Nishida M. et al. (2001) made an experimental investigation on the dynamic behavior of an empty tube and a water-filled tube subjected to spherical projectile impact. It was found that the diameter of the plug of the water-filled tube was slightly larger than that of the plug of the empty tube. But the research of Qasim H. Shah et al. (2011) found that deformations of the water-filled pipes were smaller compared with the empty pipes subjected to orthogonal and oblique impacts. Different effects of the filled media on the pipes subjected to impact loads indicate that there appears to be a lack of data on experiments involving fluid-structure interactions in pipeline systems, which might be useful in clarifying the underlying mechanics of the impact event. Currently, impact analyses have been typically done by numerical simulation in some fields, like Dey S. et al. (2005) , Kurtaran H. et al. (2003) , Knight Jr NF et al. (2000) , Motta A.A. (2003) , Sanchez-Galvez V. et al. (2005) . A non-linear finite element code of LS-DYNA was used to follow the experimental results and the ballistic limits of target materials were investigated. The development of a finite element code was described by Prinja Nawal K. (1992) that it was able to predict the pipe deformation when the pipe was filled with water.
In the present paper, the experiments on empty (filled with air) and water-filled cylindrical shells of 2.0mm thickness and 2.75mm thickness subjected to explosion impact by 75g TNT charge and 200g TNT charge with different stand-off distances were carried out, focusing mainly on the effects of the filling medium (water), TNT charge mass, stand-off distance and cylindrical shell wall thickness on deformations and damages of metal cylindrical shells. The objective is to study the deformation and damage of water-filled cylindrical shell, compare the amount of deformation and damage to that of empty cylindrical shell and investigate local anti-damaged capability of the cylindrical shell structure. Subsequently predictions of local damage and deformation caused by the explosion impact loading have been simulated using commercial software LS-DYNA with ALE coupling method which has been able to validate the experimental work reliably.
EXPERIMENTAL STUDY

Experimental setup
A few samples of the water-filled cylindrical shell selected for explosion impact testing are shown in Fig. 1 . The cylindrical shells were Q235 metal cylindrical shell of 10cm outer diameter, 2mm and 2.75mm thickness and 1m length. The two ends of the cylindrical shell were welded with caps, one of which was air-proofed and the other was then air-proofed with the unilateral valve after the cylindrical shell was filled with water. It was assured that welding caps were firmly held onto the tube ends and the water did not leak with explosion impact. The filling medium, tap water at atmospheric pressure and room temperature, was carefully poured so that no air bubbles entered the cylindrical shell. In comparison, Fig. 2 shows that the configurations of water-filled and empty cylindrical shell are in the same wall thickness, stand-off distance and TNT charge. The end of the empty cylindrical shell was not close but as open. The reason for this is that the air has good compressibility, and impact events take place in few milliseconds therefore the cylindrical shell ends play little role in deformation process and are not required to create close end. The sketches of the apparatus used for impact experiments are shown in Fig. 3 . The cylindrical shells were simply supported on the stent. The contact area between the cylindrical shell and the stent was set to be small so that it would not affect the experimental results. The explosion sources were 75g column TNT charge with dimension 3×7cm 2 and 200g bulk TNT charge with dimension 10×5×2.5cm 3 respectively. The charge mass was secured above the cylinder and aligned with a line passing through its center. Meanwhile, the model was horizontally suspended with triangular shelves at stand-off distances ranging from 11cm to 4cm. An 8 type electronic detonator is used to initiate the blasting event. 
Experimental results
(a) 75g TNT charge and 2.0mm thickness. gives sunken deformations and damages of the cylindrical shell after lateral explosion impact (The cylindrical shells with vessel are filled-water pipe, the others are empty pipe). From Fig.4 it is shown that local sunken deformations were generated on the cylindrical shell under lateral explosion impact loading, sunken nests were observed; the cylindrical shell wall near the point of impact was deformed and even perforated, which expanded in both axial and circumferential directions and was especially distinct for the thin cylindrical shell. With the presence of the water the deformation and damage became small, which may indicate that the fluid localizes the impact deformation of the cylindrical shell wall and increase the strength of the cylindrical wall. Therefore, the attention is focused on the observation of both the deformation and damages of the cylindrical shell wall in the vicinity of the impact point. The plastic deformation of the waterfilled cylindrical shell under explosion impact of 75g TNT charge was more localized near the impact point and was smaller than that of the empty cylindrical shell of the same condition in both axial and circumferential directions; the deformation sketch is like an ellipse when looking down from the impact direction, the ratio of which between the long axis and the short axis is in the range of 0.8 to 1.3. In comparison with 75g TNT charge the deformation extents and shapes of the cylindrical shell under explosion impact of 200g TNT charge are larger. Meanwhile, a large overall structural deflection of the cylindrical shell occurs, but perforation failure is not generated. Damaged manner of wall-filled cylindrical shell after 200g TNT explosion impact loading is bending deformation of forming sunken nest, but that of empty cylindrical shell is mainly perforation failure. In conclusion, for given TNT charge mass, stand-off distance and wall thickness the damaged extent of water-filled cylindrical shell is smaller than empty cylindrical shell, which indicates that the blast-resistant property of the water-filled cylindrical shell under explosion impact loading is stronger than that of the empty cylindrical shell in the same condition. This feature is different from that the water can decrease the ballistic limit of the tube wall under impact of the projectile, like S.Y. Zhang et al. (2007) , Nishida M. et al. (2001 Nishida M. et al. ( , 2006 .
Discussion
Experimental results have indicated that the empty and water-filled cylindrical shell were subjected to lateral explosion loading to assess the difference in deformation and damage modes of the cylindrical shell. Although the deformations of the water-filled cylindrical shell is smaller than that of the empty cylindrical shell subjected to explosion impacts and the stresses generated in the water filled pipes are higher, the support provided by the water reduces the maximum deflection and consequently improves the level of tensile strain induced by the membrane action and the water filled cylindrical shell is little vulnerable to damage and failure. There are many reasons for this problem, and some of the most significant ones will be briefly discussed in the following. 2.3.1 Influence of charge mass on dynamic response of cylindrical shell Undoubtedly, the peak value of the pressure with 200g TNT charge mass at the face midpoint of the cylindrical shell is higher than that of 75g TNT charge mass in the same condition, which is the reason that the deformation and damage extent of the cylindrical shell subjected to explosion impact of 200g TNT charge is more severe than that of 75g TNT charge. Although deformation extent of the empty and water-filled cylindrical shells subjected to explosive impact of 75g TNT charge is different, the plastic deformation modes of forming local sunken nest are identical and perforation failure mode does not appear among the most cylindrical shells. The deformation and damage modes of water-filled cylindrical shells subjected to explosive impact of 200g TNT charge are also the plastic deformation, but that of most empty cylindrical shells are perforation failure. In other words, blast-resistant property of the water-filled cylindrical shell under explosive impact loading of 200g TNT charge is more excellent. 2.3.2 Influence of stand-off distance on dynamic response of cylindrical shell From Fig. 5 , it can be seen that the axial deformation curve of the cylindrical shell with 2.0mm thickness subjected to explosive impact of charge mass and the stand-off distance. The behavior concurs with previous work on free field explosions, as blast peak overpressure decreases with increasing stand-off distance, like Kinney K. et al. (2000) . Not surprisingly, the flat curve is observed with an increase in stand-off distance, the changed trend of which is identical to that of 2.75mm cylindrical shell. For water-filled cylindrical shell, there is the same deformation mode in stand-off distances ranging from 11 to 3 cm, only deformation extent of which is gradually larger with decreasing stand-off distance. From Fig. 4 it is shown that the deformation and damage mode of empty cylindrical shell subjected to explosive impact is changed with decreasing stand-off distance, which indicates dynamic responses of empty cylindrical shell subjected to explosion impact loading are sensitive to stand-off distance changed. The empty cylindrical shell wall strength increases with increasing thickness of the cylindrical shell wall. It is noticeable that the deformation and damage extent of 2.0mm thickness is larger in comparison with 2.75mm thickness cylindrical shell for given charge mass and stand-off, and even 2.0mm thickness cylindrical shell wall in many tests is penetrated while 2.75mm thickness cylindrical shell is only deformed. With the presence of water the energy acted on the water-filled cylindrical shell is absorbed by water and the cylindrical shell, so the blast-resistant ability of water-filled cylindrical shell is different from that of empty cylindrical shell. By comparing the sunken nest shape with explosive impact it can be noticed that the sunken nest of the cylindrical shell of 2.0mm thickness after explosive impact is bigger than that of 2.75mm thickness, which is more obvious in the circumferential direction. Fig. 6 shows that the axial deformation curve of water-filled cylindri-
cal shells with explosive impact, and it can be seen that the axial cylindrical shell deformation between 2.0mm thickness and 2.75mm thickness shows some difference but overall deformation trend is yet in good agreement with plastic deformation. In practical engineering, thick cylindrical shell wall is selected for improving blast-resistant feature of empty cylindrical shell. Instead, for waterfilled cylindrical shell, it is most important to select appropriate wall thickness of cylindrical shell. The thick wall of cylindrical shell which is not economic and efficient is normally not applicable for transporting gas and petroleum, as well as thin wall of cylindrical shell due to its poor wall strength which is potentially dangerous.
ARBITRARY-LAGRANGIAN-EULERIAN (ALE) FINITE ELEMENT METHOD
Due to the high deformability of the cylindrical shell, a strong fluid-structure interaction takes place during the shock wave loading and carefully designed coupled fluid-solid solver is necessary to capture the response of the cylindrical shell. The ALE method is based on the arbitrary movement of a reference domain, which will correspond to the finite element mesh. As detailed in the work of T.J.R. Hughes et al. (1981) , this domain is introduced as a third domain additionally to the common material and spatial domains. These domains correspond to the Lagrangian and Eulerian domains, respectively. In ALE solver, the air-blast problem is formulated in the coordinate of the reference domain. By combining the ALE solver with an Eulerian-Lagrangian coupling algorithm, a structural or Lagrangian mesh can interact with the gas products or Eulerian mesh. This technique was used for the ranges where the simplified blast model produced uncertain impulse duration as a result of blast proximity. The total time derivative of a variable f with respect to a reference coordinate can be described as:
where ! X is the Lagrangian coordinate, ! x is the ALE coordinate, ! v is the particle velocity and ! w is the velocity of the reference coordinate, which will represent the grid velocity for the numerical simulation, and the system of reference will be later the ALE grid. Thus substituting the relationship between the total time derivative and the reference configuration time derivative derives the ALE equations.
Let ! f " R 3 represents the domain occupied by the fluid particles, and let !" f denotes its boundary. The equations of mass, momentum and energy conservation for a Newtonian fluid in ALE formulation in the reference domain are given by
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where p is the pressure and µ is the dynamic viscosity.
For compressible flow, Eqs. (2)- (4) are completed by an equation of state that relies pressure to density and internal energy. In the energy Eq. (4), e is the internal energy by unit volume, the temperature is computed using an average heat capacityC v :
Eqs. (2)- (4) are completed with appropriate boundary conditions. The approach for solving ALE formulation of Navier-Stokes Eqs. (2)- (4) is referred to as an operator split in the literature of C.J. Freitas et al. (1996) and B. Van Leer et al. (1977) where the calculation for each time step is divided into two phases. The ALE method begins working as a Lagrangian finite element code in which the motions of the fluid and the structure are determined and the finite element grid is deformed following the material. As long as the mesh distortion is acceptable, the Lagrangian calculation continues. If it becomes highly distorted, the second step (the advection step) is performed. In the ALE methodology the distorted mesh can be partially restored to its original shape based on predefined criteria for element deformation. Following a prescribed measure of permissible distortion in the element, the element shape is changed; and mass, momentum and energy are fluxed across the old element boundaries to calculate their new values for the new element shape. In general, the ALE methodology permits flow of material across element boundaries preserving a balance for the physical velocity between grid motion and flow. The second-order Van Leer advection algorithm is employed in the numerical applications to ensure a higher accuracy.
NUMERICAL SIMULATIONS
The numerical simulations of a partially water-filled cylindrical shell subjected to explosion impact loading are performed with the commercial finite element code LS-DYNA applying the Arbitrary Lagrangian Eulerian (ALE) technique for the fluid.
Finite element model
The ALE model of the cylindrical shell involves five different material types. The first material model represents metallic cylindrical shell, followed by the TNT cylindrical explosion charge, the filled water, the stent and finally the surrounding air media, which is used to fill the space affected by the explosion charge. Note that in the purely Lagrangian approach, only one type of material model is needed, namely for the metallic cylindrical shell. The stent is rigid body. The contact between the stent and the cylindrical shell has been defined as Contact Automatic Surface to Surface. The mesh size of the air, water, TNT charge and stent is 0.25cm. The refined mesh of 0.125 cm for the tube from midpoint to 10 cm away from midpoint was used, the other part of which is mesh of 0.5cm. By using the inherent symmetry of the studied problem, calculation time can be saved. Thus, only a quarter of the cylindrical shell was modeled with the appropriate boundary conditions ap-plied along the symmetry planes. Fig.7 shows the model of 200g TNT explosion impact loading constructed with SOLID164 solid element and g-cm-μs unit.
Material behavior
The Jones-Wilkens-Lee (JWL) equation of state (EOS) models the pressure generated by the expansion of the detonation product of the chemical explosion. It has been widely used in engineering calculations in the Livermore Software Technology Corporation (LSTC) (2003) and can be written as
where A 1 , R 1 , B 1 , R 2 and ω are material constants, P is the pressure, V is the relative volume of detonation product and E is the specific energy with an initial value of E 0 . The TNT explosions C-J parameters and the JWL equation of state parameter:
Material Type 9 of LS-DYNA (*MAT_NULL) is used to calculate the pressure P from a specified EOS, which defines the relationship between pressure, density and internal energy. As for the air, the polynomial EOS is usually employed, in which the pressure P is expressed as
where e is the internal energy per volume. The compression of the material is defined by the parameter To model water, the combination of Grüneisen EOS associated with the *MAT_NULL is adopted. The values of coefficients used to characterize the EOS of the water are typical in this kind of problem. Water mass density 0 ρ =1000.0 kg/m 3 and Grüneisen parameter 0 γ = 0.50. The Johnson-Cook (J-C) model in the work of Johnson GR and Cook WH (1983) is used to study the dynamic mechanical behavior of the cylindrical shell, which has been frequently used in impact analysis due to its simplicity. The equivalent stress is expressed as The comparison with experimental data for situations of the same explosion impact loading is essential for demonstrating the validity of the numerical method adopted. Since plastic deformation and damage of the cylindrical shell near the impact point is larger in comparison with the overall cylindrical shell, the sunken nest generated by explosion impact loading can embody the extent of deformation and damage of the cylindrical shell. As shown in Figs. 8 (a) , the dent size was measured along the cross section of the cylindrical shell where the diameter of the cylindrical shell has increased and it was defined as dent size. Detailed experimental results are shown in Figs. 8 where the effects of the pipes on their deformation pertaining to dent width and diameter change is compared to the results obtained from numerical simulation. From Fig 8, it can be seen that the simulation results in all the cases are in agreement with the experimental results though some very small discrepancies are evident. The discrepancies can be overcome with further investigations. Because the typical values along the cross section of the cylindrical shell with penetration damage can be accurately measured. As already stated, the agreement between the numerical and experimental results shown in Fig. 9 is, taking the complexity of the simulated problem into account, excellent. This clearly indicates that numerical simulations of the present deformation and perforation problem using properly ALE coupling models are able to describe the main physical mechanisms and provide reliable results. Thus, it seems relatively adequate to use this model in a forthcoming optimization study of the cylindrical shell subjected to the explosion impact loading. Deformation process of metal cylindrical shells is shown in Fig. 10 . It can be see that local axial size of sunken zone is the biggest at 500μs in Fig. 10 (a) , and then the back side slowly bent, the deformation of the cylindrical shell is not developed at 4000μs; final axial size of local sunken zone is slightly decreased. In Fig. 10 (b) , the section in center of cylindrical shell is seriously flat, bending strength of which is weaken in a certain degree. In comparison with Fig. 10 (a) , the face and back of the tube in Fig. 10 (b) are more bent, but local sunken deformation accounts for a dominant position. For Fig. 10 (c) , the deformation of the tube section is much flatter than Fig. 10 (a) . When explosion impact energy acted on the cylindrical shell is not completely dissipated by local sunken deformation, the whole cylindrical shell begins to absorb the energy, overall bending deformation is generated, and the deformation of the tube becomes stable at 4000μs. After the maximum displacement peak, the elastic rebound of the cylindrical shell occurs, resulting in a vibrating response. In Fig. 10 (d) , the radial crack of the face tube is generated by explosion impact loading, after further expansion of the crack; perforation failure takes place on the tube wall. Rupture size increases in axis direction of the tube, then decreases with V-shaped overall deformation. The tube structure is not changed after 6000μs. The simulation results show that when the TNT charge is detonated, an initial shock wave generates from the center of the charge and propagates outwards rapidly, and the detonation products are produced. When the detonation products propagate downwards to the surface of the cylindrical shell and form overpressure, the deformation appears on the cylindrical shell wall and a force is exerted on the water column inside; then the load is transmitted from the water to the cylindrical shell and back from the cylindrical shell to the water due to the plastic deformation. When the water is present, the deformation is more localized and the bending deformation propagates away from the point of impact at a significantly slower rate. 
Numerical analysis
CONCLUSIONS
The deformation and perforation of empty and water-filled metal cylindrical shell subjected to explosive impact by 75g TNT charge and 200g TNT charge with different stand-off distances were investigated. The water filling in the cylindrical shell provides a 'foundation' pressure to resist the deformation, which may affect the deformation process, increase tube wall strength and anti-blast ability of the tube under explosive impact loading. The deformation of the water-filled cylindrical shell was more localized near the impact point and was smaller than that of the empty cylindrical shell.
The experimental results indicated that the deformation and perforation failure of the cylindrical shell wall were significantly influenced by the charge mass, stand-off and wall thickness. Compared with 75g TNT charge the blast-resistant property of the water-filled cylindrical shell subjected to explosive impact loading of 200g TNT charge was more excellent, and the deformation and damage of empty cylindrical shell was more sensitive to stand-off distance changed. For meeting blastresistant demand, it was important for water-filled cylindrical shell to select appropriate wall thickness.
Excellent agreement between numerical and experimental results shows that the structural response of the cylindrical shell can be efficiently modeled, and the ALE coupling model was able to capture the main trend of deformation and perforation failure in the experiments in an adequate manner.
The high water pressure was generated for resisting deformation of the tube subjected to explosion impact loading, a part of the impact energy is dissipated; the anti-blast ability of tube structure is significantly enhanced.
